The monthly mean surface wind stress and winds in the lower troposphere for 1986-92 simulated by the Center for Ocean-Land-Atmosphere Studies atmospheric general circulation model (AGCM) forced with observed sea surface temperature (SST) is compared with observations. It is found that the AGCM surface stress has weak equatorial easterlies during boreal spring and weak El Nin˜o-Southern Oscillation (ENSO) signals over the central and eastern Pacific Ocean. On the other hand, the AGCM winds at 850 mb are found to be in much better agreement with the observations. An empirical scheme is developed to reconstruct the AGCM surface wind stress, based on the AGCM winds from 850 mb. The reconstructed wind stress is more consistent with observations for both annual and interannual variability. A series of numerical experiments are conducted using the observed, AGCM, and reconstructed surface stress to force an ocean general circulation model. The results demonstrate that the low-frequency ENSO signals are significantly improved in the OGCM when the reconstructed dataset replaces the original AGCM stress. Improvements are evident in more realistic SST anomalies and variability of the thermocline depth.
Introduction
It is well known that the inability of atmospheric general circulation models (AGCM) to produce realistic variability of the surface wind stress over the tropical Pacific is one of the stumbling blocks preventing coupled ocean-atmosphere general circulation models (CGCM) from making successful simulations and predictions of short-term climate variations. Several studies have pointed out specific problems in the quality of AGCM simulated surface wind or wind stress over the tropical Pacific region. Graham et. al (1989a) showed insufficient surface convergence over the intertropical convergence zone (ITCZ) and the warm pool in the mean annual cycles of several wind-wind stress datasets produced by different AGCMs. Using AGCM wind stress to force an ocean general circulation model (OGCM), Gordon and Corry (1991) demonstrated that the model simulated annual cycle in the tropical Pacific Ocean is sensitive to the differences between the observed and AGCM simulated surface stresses and heat fluxes.
Comparing simulations of a linear ocean model forced with observed wind stress anomalies and those simulated by the National Center for Atmosphere Research (NCAR) AGCM, Graham et al. (1989b) showed that the AGCM winds tend to produce weaker and less organized El Niño-Southern Oscillation (ENSO) signals in the tropical Pacific Ocean. Driving an OGCM with wind stress fields simulated by a version of the European Centre for Medium-Range Weather Forecasts (ECMWF) AGCM forced by observed sea surface temperature (SST) during 1970-85, Latif et al. (1990) found that the OGCM-simulated ENSO signals in response to AGCM stress forcing were weak in the eastern Pacific. Ji and Smith (1995) also reported that their OGCM could not reproduce the observed interannual sea level variability in the eastern Pacific when forced with wind stress simulated by the National Meteorological Center (NMC) AGCM with the SST forcing of 1982-93. Recently, in analyzing surface wind stress simulated by the Center for Ocean-Land-Atmosphere Studies (COLA) AGCM for 1979-91, Huang and Schneider (1995) found that, during boreal spring during the El Niño events of 1983 and 1987, westerly anomalies shifted southward and were replaced by easterly anomalies in the central equatorial Pacific. Using the simulated winds to force an ocean general circulation model, they showed that this kind of wind change generated unrealistic cold anomalies, which propagated along the equator from the western Pacific to the eastern coast in VOLUME 125 M O N T H L Y W E A T H E R R E V I E W about three months, and temporarily eliminated the warm anomalies in the eastern Pacific. They further noted that these wind errors were associated with a systematic southward bias of the AGCM ITCZ, which was most serious during boreal spring, especially during El Niño years.
One potential cause of the errors in AGCM wind stress is the horizontal resolution of the atmospheric model in the Tropics. For example, the narrow convergence zone associated with the ITCZ, and its annual displacement, needs high meridional resolution to be properly represented. The same is true of the sharp SST gradient immediately to the north of the equatorial ''cold tongue,'' the so-called oceanic front. Some sensitivity experiments conducted with the COLA AGCM show a dramatic improvement of the pattern and amount of precipitation associated with the ITCZ when the model horizontal resolution is increased from R15 to R40. However, somewhat surprisingly, there is little improvement of the surface wind stress field near the equator.
In this study we have analyzed model simulated surface wind stress fields, as well as the wind structure within the atmospheric boundary layer. We find that winds are generally better simulated near the top of the boundary layer, for example, 850 mb, than near the sea surface. Using a simple empirical method, we further demonstrate that the surface wind stress fields reconstructed from the winds at a level near the top of the boundary layer are more consistent with the observed surface wind stress than those produced directly by the AGCM. To quantify this improvement we have forced an ocean general circulation model of the Pacific Basin with the original AGCM surface stress, the reconstructed surface stress, and the observed surface stress. We find significant improvement in the OGCM simulated interannual variability when the reconstructed surface wind stress is used to force the model. These results have been used to construct practical schemes that may be useful for correcting systematic errors in coupled GCM simulations and predictions. Prediction experiments using anomaly coupled ocean and atmospheric GCMs with the reconstructed stress fields show large improvements in predictability (Kirtman et al. 1997) .
The atmospheric and ocean models used in this study are described in section 2 and observational data in section 3. The AGCM winds are critically examined in section 4, which is followed by a discussion of the OGCM experiments in section 5. The summary and a final discussion is given in section 6.
Model descriptions

a. AGCM
The spectral COLA AGCM used for this study has triangular truncation at wavenumber 30 (T30), corresponding to a resolution of about 300 km in the Tropics. The vertical structure of the model is represented by 18 -levels. The spacing of the levels is such that greater resolution is obtained near the earth's surface and at the tropopause. The model includes the dynamical effects of mean orography (Fennessy et al. 1994) . The physical parameterizations of the COLA AGCM include solar radiative heating (Lacis and Hansen 1974) , terrestrial radiative heating (Harshvardhan et al. 1987) , deep convection (Kuo 1965, modified) , shallow convection (Tiedke 1984) , and large-scale condensation. The land surface treatment is based on the Simple Biosphere Model (SiB) biophysical formulation (Sellers et al. 1986 ) with the Xue et al. (1991) simplification. A general description of the method for prescribing the model boundary conditions can be found in Kinter et al. (1988) .
Turbulent transports for heat, momentum, and moisture within the atmosphere are an important physical process within the planetary boundary layer (PBL) and are parameterized based on the Mellor and Yamada (1982) level 2.0 turbulence closure formulation. The depth of the model PBL fluctuates in space and time. The surface layer, where the vertical momentum and heat fluxes are determined by the mixing length theory of Monin and Obukhov (1954) , is however prescribed to be 10 mb deep. The surface wind stress is calculated from winds at the lowest level using bulk formulas and a drag coefficient that depends on the surface roughness and the surface layer stability as measured by the Monin-Obukhov length (Long 1988) .
The model data used in our analysis are derived from a 10-yr simulation from 1 November 1983 to 31 December 1993 forced with observed monthly SST in the world oceans (Reynolds 1988 ). The period we have analyzed is from January 1986 to December 1992 when operational analyses of high quality winds are available. We have examined monthly mean surface wind stress and winds below 700 mb.
b. OGCM
The Geophysical Fluid Dynamics Laboratory modular ocean model (GFDL MOM; Pacanowski et al. 1993 ) is used as a diagnostic tool to evaluate the quality of the datasets of the surface wind stress. This model is a finite difference treatment of the primitive equations of motion using the Boussinesq and hydrostatic approximations in spherical coordinates. The domain is that of the Pacific basin within 30ЊS-45ЊN and 130ЊE-80ЊW. The coastline and bottom topography are realistic and the maximum depth is set to 4000 m. The zonal resolution was chosen to be 1.5Њ. The meridional grid spacing is 0.5Њ between 10ЊN and 10ЊS, gradually increasing to 1.5Њ at 20ЊN and 20ЊS. There are 20 levels in the vertical with a constant level interval of 15 m for the top 10 levels. The intervals for the bottom 10 levels are 15.2, 16.1, 20.0, 34.1, 75.9, 177.1, 375.9, 687.4, 1063.8, and 1384 .5 m. Richardson number-dependent coefficients are chosen for the vertical mixing and diffusion (Pacanowski and Philander 1981) . The horizontal
viscosity and diffusivity coefficients are prescribed as a constant 2 ϫ 10 7 cm 2 s Ϫ1 . The ocean is forced by surface wind stress and heat flux. In these experiments, different surface wind stress datasets are prescribed as forcing fields at the sea surface. The heat flux is composed of radiative, sensible, and latent components. The radiative fluxes are divided into solar and longwave radiation parts. At each time step of the model integration, the solar radiation is prescribed by a linear interpolation of the climatological monthly means analyzed by Oberhuber (1988) from the Comprehensive Ocean-Atmosphere Data Set (COADS). The solar radiation penetrates into the upper ocean with an e-folding depth of 12 m. The other components are parameterized as functions of the model SST and a prescribed mean annual surface air temperature, linearly interpolated from climatological monthly observations (Oort 1983) . The formulation for longwave radiation is taken from Rosati and Miyakoda (1988) , neglecting the effects of cloudiness. The sensible and latent heat fluxes are parameterized by bulk turbulent transfer formulas with parameters as given by Philander et al. (1987) .
In the parameterization, the latent and sensible heat, as well as net longwave radiative fluxes, damp the SST departure from a prescribed annual cycle of the climatological air temperature. Therefore, the effect of the heat flux parameterization to the ocean is somewhat similar to that of ones first proposed by Haney (1971) except that the damping rate of the present parameterization is not constant, which depends on the annually and interannually varying surface wind speed. In reality, the air temperature itself changes interannually. However, in a heat flux formulation based on prescribed surface air temperature and model SST, a prescribed interannual signal of the surface air temperature may induce similar SST signals directly and locally, even without wind change. This may obscure the important effects of wind forcing and ocean dynamics in the generation of the SST anomalies. In reality, given an SST change caused by wind forcing/ocean dynamics, air temperature usually follows the SST change and the sensible and evaporative heat fluxes at the sea surface tend to damp the SST anomaly. This process is represented reasonably well by the present parameterization at least in the equatorial waveguide, where the ocean dynamics dominates. This speculation is supported by the comparable magnitudes between simulated and observed SST anomalies around the equator. However, the damping of SST anomalies may be too strong and cause weak SST anomalies in higher latitudes.
The heat flux parameterization used in this model is consistent with those used by some coupled models for ENSO simulation and prediction, such as the Zebiak and Cane (1987) model (referred to as the ZC model hereafter). In the ZC model, SST anomalies with respect to the prescribed SST climatology are damped on a timescale of a few months. In our case, the observed climatological air temperature and constant relative humidity (0.8) are imposed, which ensures the model will reproduce the seasonal cycle of SST because, as we have discussed above, both the air temperature and relative humidity are determined by SST and not the other way around. Moreover, with the present heat flux parameterization SST anomalies are also damped to zero on a timescale of months. The success of the ZC model in simulating ENSO suggests that it is reasonable to use this parameterization for simulating the major aspects of ENSO.
Observational datasets
The observational data to be compared with the AGCM output are provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) operational analyses. These data include monthly mean winds at standard pressure levels of 1000, 850, and 700 mb, and the surface wind stress, both for the 7-yr period from January 1986 to December 1992. The relatively recent data from the ECMWF monthly mean time series were selected because spurious variability may be present in the earlier period due to frequent changes in their forecast-analysis system (Trenberth and Olson 1988) . The monthly winds are at a resolution of 5Њ longitude by 4Њ latitude, which is compatible to the AGCM resolution.
The monthly mean surface wind stress fields are derived from four times daily global wind analyses at 1000 mb, from 0000 UTC 1 January 1986 to 1800 UTC 31 December 1992, as provided by the ECMWF analysis. Since the main purpose of constructing the stress fields is to force the OGCM, which has a finer resolution, high resolution ECMWF data are used. This wind dataset was originally stored in spectral format with a triangular truncation at wavenumber 106 (T106), which was converted to a corresponding spatial grid of Gaussian latitudes (resolution approximately 1Њ latitude in the Tropics) with a uniform zonal resolution of 1.125Њ longitude. Then, four times daily fields of the surface wind stress over the oceans were derived from the 1000-mb winds based on the bulk formulae with a constant density and the drag coefficient formulated by Trenberth et al. (1990) . The monthly mean stress is constructed by averaging the four times daily wind stress within each month.
Observational ocean datasets used in this study are climatological monthly salinity and temperature produced by Levitus (1982) and monthly mean SST analyzed by Reynolds (1988) . The former dataset is constructed based on monthly objective analyses of station data, expendable bathythermograph (XBT) data, and mechanical bathythermograph data on file at the National Oceanographic Data Center. The original data are global on a 1Њ ϫ 1Њ grid on chosen vertical levels with intervals increasing from 10 m at the sea surface to 50 m at the depth of 300 m. It is used as initial conditions for the OGCM simulations. The SST data are based on a combination of satellite observations and in situ mea- Mean (1986-92) surements and are used to examine the simulated SST interannual variability. The ECMWF analyses are used to validate the AGCM simulations because both the surface and higher-level quantities are derived from the analyses in a physically consistent manner. However, it should be noticed that the analyzed field itself may carry the systematic errors of the numerical weather prediction model, which are not fully corrected through the data assimilation. In fact, a comparison between the daily surface winds from several analysis systems and the in situ measurements at locations over the tropical Pacific showed substantial differences between the analyses and the measurements (Reynolds et al. 1989) . Therefore, the quality of the ECMWF analyses should be checked before being used to validate the model.
Our procedure is to use the ECMWF wind stress and another independent dataset to force the OGCM respectively for the period of 1986-91 and then compare the SST anomalies from both simulations with the observations (Reynolds 1988) . The latter stress dataset, produced at the Florida State University (FSU), is based on ship observations only (Goldenberg and O'Brien 1981) and is widely used in ocean modeling. Our results show that the correlation between the observed and simulated SST anomalies forced by the ECMWF stress is at least as high as that with the FSU stress forcing in the equatorial Pacific Ocean.
AGCM wind analyses
We have examined the AGCM simulated surface wind stress and winds in the lower troposphere both for the mean annual cycle and for interannual variability. Our examination is mainly based on two variables that are characteristic of the circulation within the atmospheric boundary layer. One is the surface wind stress, representing the momentum transport into the ocean and the atmospheric circulation near the surface. The other is the wind at 850 mb, representative of circulation in the middle and upper part of the atmospheric boundary layer. Figure 1 shows the mean fields of the surface stress and 850-mb wind from the AGCM simulation and from the ECMWF analyses. The most pronounced features of the surface wind stress, from both the simulation (Fig.  1a ) and the observations (Fig. 1b) , are the northeast and southeast trade winds that lie north and south of the ITCZ. The mean winds at 850 mb, on the other hand, show very weak meridional components (Figs. 1c,d ). This is consistent with results of previous studies showing that the convergence is confined to low levels (e.g., Hastenrath and Lamb 1978) . The 850-mb winds are mostly easterly over most of the tropical basin with a jetlike center located in the central equatorial Pacific with maximum wind around 8 m s Ϫ1 . Although the AGCM simulation is qualitatively similar to the observations at both levels, a close examination shows important differences. For example, at the surface, the ITCZ is farther south in the AGCM wind stress field (Fig. 1a) . Moreover, the AGCM wind stresses are stronger than the observations in the major trade wind regions over the eastern ocean, but weaker in the central and eastern Pacific around the equator (Figs.  1a,b) . At the 850-mb level, the major difference is in the western ocean north of 5ЊN, where the ECMWF winds are stronger. In both the AGCM and the observations, the trade wind systems undergo an annual cycle of equatorward migration and zonal expansion into the western Pacific Ocean in the winter and spring of each hemisphere, followed by poleward migration and contraction into the central and eastern ocean during summer and fall. Associated with the fluctuation of the trades, the ITCZ also migrates meridionally. Figures 2a,b depict the annual cycles of the wind stress along the equator for the AGCM and the ECMWF data. For clarity, two annual cycles are shown. In general, they show that easterlies are weakest in boreal spring and persistently stronger in autumn.
There are significant differences between the annual cycles of the surface wind stress from the simulation (Fig. 2a ) and the observations (Fig. 2b) . Apparently, the model wind stress is too weak throughout the basin from late boreal winter to spring. Moreover, unlike the observed wind stress, which shows two peaks, one in July and the other in December, the AGCM exhibits a single maximum in September. The former problem has been noted by Huang and Schneider (1995) , who suggested it may be linked to the fact that the model ITCZ is too close to the equator in boreal spring.
The equatorial winds at 850 mb also undergo a pronounced annual cycle (Figs. 3a,b) . According to both the model and observational data, easterly winds are strongest in boreal winter. In the observations, the weakest wind appears in September, just before its rapid intensification (Fig. 3b) . Consistent with the observations, the model also presents a wind minimum in September. However, the weakest model winds are in April and May, at the same time when the model surface wind stress is weakest.
Comparing the annual cycles at the surface and at 850 mb, we find two interesting differences between the model and the observations. First, the model surface wind stress is persistently weaker than observed throughout the annual cycle, whereas the AGCM 850-mb winds are generally comparable to or stronger than observed near the equator. We also find that the AGCM 1000-mb winds are weaker than observed. This suggests that the model's momentum mixing within the equatorial boundary layer is inadequate. In fact, the pattern of the AGCM 850-mb wind annual cycle around the equator (Fig. 3b) is more akin to that of the observed surface wind stress (Fig. 2b) . In particular, the minimum in boreal spring and the double maxima in July and December are reproduced. This may suggest that the model boundary layer is ''deeper'' than the observed one. In general, the annual cycle is better simulated at the 850 mb than at the surface.
We have also examined the interannual fluctuations in the zonal stress along the equator (Figs. 4a,b) for the AGCM and the observations, respectively. The major features in the observations (Fig. 4b) are associated with the ENSO cycle, showing alternatively dominant easterly and westerly wind anomalies over the basin with a period of a few years. Associated with a major El Niño event, wind anomalies are in general westerlies from mid-1986 until late 1987, followed by predominantly easterly anomalies during the subsequent La Niña (cold) episode in 1988-89. Strong westerly anomalies then appear in 1991-92, associated with another major warm event.
The major episodes of fluctuations are qualitatively reproduced by the AGCM but with noticeable shortcomings (Fig. 4a) . The major signals simulated by the model are confined too much to the west, whereas in the observations they extend eastward in the Pacific basin. Moreover, there are significant higher frequency fluctuations that appear as noise superimposed on the low-frequency fluctuation. Some of these signals, such as the negative anomaly appearing in the central Pacific during the boreal spring of 1987, are potentially very harmful for ENSO simulation and prediction, as pointed out by Huang and Schneider (1995) .
On the other hand, the AGCM simulation and the observations are much more consistent with each other at 850 mb. The interannual fluctuations of the observed zonal wind anomalies (Fig. 5b) are not very different from the anomalies of the observed surface stress (Fig.  4b) . Examining the AGCM wind anomaly (Fig. 5a) , however, we find that the major errors that seriously degrade the model surface wind stress anomalies are not present at 850 mb. The correlation coefficient between the observations and the simulation (Fig. 6c) is higher than 0.6 over large areas of the equatorial Pacific extending from the western Pacific to about 120ЊW. The highest correlation (0.8) is over the central Pacific. In comparison, the correlation between model and observed surface stresses is much lower, reaching 0.6 only in the far west. In the eastern Pacific, the model and observed wind stresses are uncorrelated (Fig. 6a) .
The correlation analyses further show that, in contradiction to the zonal winds, the model meridional winds are more consistent with the observations at the surface (Figs. 6b,d ). The wind fluctuations immediately to the north of the mean ITCZ position are simulated reasonably well by the model over the central Pacific. The observed and model meridional winds have little correlation at 850 mb, which is not surprising because winds at 850 mb are predominantly zonal.
The AGCM has six levels between the surface and 700 mb. We have tried to use the model monthly mean winds at each -level to reconstruct the surface wind stress through linear regression of the model wind component to the corresponding component of the observed surface wind stress. We have examined correlations between the observed surface stress and reconstructed surface stress from each of the six layers.
For the four levels below 900 mb, the correlation patterns are very similar to that of the AGCM surface wind stress. A further examination shows that, like the AGCM surface stress, the easterlies at these levels are weakened substantially during boreal spring, followed by a single maximum in September. The major interannual signals are confined to the western ocean. On the other hand, some information on the observed annual and interannual variability of the meridional wind
Correlations between the monthly anomalies of zonal wind stress reconstructed from zonal winds at 850 mb and the ECMWF analysis. Contour interval is 0.1 with regions of correlations greater than 0.5 shaded.
stress appears in the modeled meridional components of the winds at these levels, especially those closer to the surface. The best fit of the meridional component of the observed wind stress is achieved by using the model meridional surface wind stress. For the two upper levels (approximately 850 and 750 mb), the correlation patterns are similar to the correlations between the observed and the AGCM winds at 850 mb. The zonal component of the observed surface wind stress can be reproduced well, both seasonally and interannually. The results for the model level near 850 mb are generally the best. On the other hand, little variance of the ECMWF meridional wind component can be accounted for by fitting the meridional winds at these levels to the observations. In summary, the best reconstructed surface stress is obtained by using the modeled zonal winds at the AGCM level near 850 mb and the modeled surface meridional wind stress, and we limit further discussion to results from these levels.
The final equation to produce the reconstructed wind stress is given as
where U m is the AGCM zonal wind component at the level close to 850 mb and V m is the AGCM meridional component of the surface stress. The regression coefficients A x , B x and A y , B y are generated at every grid point by minimizing the root-mean-square differences between the total x , y and their corresponding observations locally. The monthly anomalies of x and y are calculated and multiplied by 1.5 to account for the variance of the observed wind stress anomaly. This 1.5 amplitude factor is used because we find the magnitude of the reconstructed wind stress anomaly derived from (1) and (2) is weaker than that from the ECMWF analyses. This is possibly because we use the total wind stress for the regression in which the annual cycle is the dominant feature. In fact, the magnitude of the annual cycle is the same between the observations and the model output. The 1.5 factor is multiplied to the anomaly only. This multiplication factor is approximately the ratio between the variances of the observed wind stress anomalies and those derived from the regressions.
The climatological monthly means of x and y and the new anomalies at appropriate months is referred to as the reconstructed dataset of the AGCM wind stress. For simplicity, it will be denoted as U 850 Ϫ s to reflect the fact that its zonal component is based on winds around the 850-mb pressure level. The 7-yr mean field of this new dataset is the same as the ECMWF analysis from the regression procedure. The reconstructed stress fields are quite smooth compared to the original AGCM stress.
The annual cycle of U 850 Ϫ s zonal component is shown in Fig. 2c , together with the observations (Fig.  2b) and the original AGCM stress (Fig. 2a) . The improvement of the reconstructed wind stress over the original is clear. The easterlies in boreal spring are not as weak, and the double maxima in July and December are clearly shown, although the latter is still a little weaker than observed. The interannual variability is also improved significantly, as shown in Fig. 4c . The correlation between the reconstructed AGCM and observed wind stress anomalies (Fig. 7) is increased significantly in comparison with the original AGCM stress (Fig. 6a) . In Fig. 7 , large areas in the western and central equatorial Pacific have a correlation of 0.6-0.7. The correlation in the far eastern Pacific is also improved.
We also tried a number of more complicated formulations than (1) and (2), such as combining the two components of the wind vector and using multilevel data to perform the regression. We have also used the pseudowinds as the input for (1) and (2) in order to be more consistent with the bulk aerodynamical formula. However, we did not find further significant improvements. We have therefore adopted the simple formulation given by (1) and (2).
OGCM experiments
The reconstructed wind stress data U 850 Ϫ s , the original AGCM wind stress, and the observed surface wind stress are used to force the OGCM for the period 1986- 92. All the experiments are initialized from an ocean at rest with climatological January temperatures and salinities (Levitus 1982) . The model is spun up for three years forced with the monthly climatological wind stress, obtained by averaging the respective datasets during 1986-92.
The climatological monthly mean SSTs along the equator, as derived from the three experiments and the observations, are shown in Fig. 8 . The observations (Fig. 8a) show a strong annual cycle in the eastern equatorial Pacific, with SST reaching its maximum in March and its minimum in September. The difference between the maximum and minimum temperatures is about 4ЊC. The maximum and minimum SSTs coincide with weak southward and strong northward surface wind components, respectively (Horel 1982) .
The annual cycle of the equatorial ''cold tongue'' has been reproduced qualitatively by all the OGCM experiments. However, there is a cold bias in the eastern Pacific in all the simulations (Figs. 8b-d) . The SSTs are about 1Њ-2ЊC colder than the observations when either the observed or model wind stress is used to force the model. This bias is common for present OGCMs (e.g., Chao and Philander 1993) . The amplitude of the annual cycle is strongest when the model is forced with the unmodified AGCM winds (Fig. 8c) . The reconstructed stress produces no significant movement in the annual cycle of SST.
The improvement in the interannual variability of SST, however, is remarkable. The equatorial monthly SST anomalies of the period 1986-92 from the observations and the simulations are presented in Fig. 9 . The observations (Fig. 9a) clearly show warm and cold episodes over the equatorial ocean associated with the ENSO cycle that are closely related to the zonal wind anomalies on the equator (Figs. 4b, 5b) . The SST anomalies derived using the ECMWF stress are quite similar to the observed SST anomalies (Fig. 9b) .
In the simulation forced by the original AGCM wind stress (Fig. 9c) , SST anomalies are confined to the west. The 1986-87 major warm event, for example, is temporarily disrupted by the reversal of the westerly anomalies in the boreal spring of 1987.
The reconstructed wind stress dataset produces significantly improved SST anomalies (Fig. 9d) . In fact, the results are much closer to the simulation using observed wind stress and, in some cases, it is even better. For instance, the distinct warm event in the boreal summer of 1991, which persisted for several months (Fig.  9a) is depicted more clearly in Fig. 9d than in Fig. 9b . Much higher correlations are achieved in the simulations forced with observed and reconstructed wind stresses (Figs. 10a,c) than with the original AGCM stress (Fig.  10b) .
Finally, we briefly discuss the interannual variability of the upper-ocean heat content from these simulations. The heat content (HC) is defined as the mean ocean temperature averaged within the upper 232 m, which includes the mixed layer and most of the thermocline. It is an approximate measure of the thermocline depth, sea level, and the dynamic height (Rebert et al. 1985) . Figure 11 presents the HC anomalies along the equator from the three experiments. Heat content anomalies have an eastward phase propagation in these experiments. In the case of the observed forcing (Fig. 11b) , the 1986-87 and 1991-92 El Niño episodes are associated with positive HC anomalies that propagate eastward and deepen the equatorial thermocline. In the spring of 1986 and 1991, the positive anomalies first appear in the western or central equatorial ocean, then move eastward with intensifying amplitude, first reaching the eastern coast in the boreal summer or autumn. When the anomalous deepening of the thermocline in the eastern ocean is largest negative HC anomalies and shoaling of the equatorial thermocline appear in the western Pacific. These negative HC anomalies then follow a similar eastward progression, reaching the eastern coast in the next summer/autumn.
In the case of the reconstructed wind stress forcing, the low-frequency HC variability is similar to the one described above (Fig. 11c) . Signals propagate across the basin smoothly. In the case of the AGCM wind stress forcing, however, the signals are frequently interrupted and rarely propagate to the eastern coast (Fig. 11a) . This is also shown by the correlations between the model simulated HC anomalies forced by the ECMWF wind stress and the other two datasets. The correlation between the ECMWF and reconstructed forcing runs (Fig.  12b ) is higher than that for the AGCM stress (Fig. 12a) over the equatorial ocean as well as around the eastern coast. This reflects consistent propagation of thermocline disturbances in both the ECMWF and reconstructed forcing cases, first as equatorial waves, then as coastal Kelvin waves after reaching the eastern coast.
Summary
We have examined a set of the monthly mean surface wind stress and winds in the lower troposphere for 1986-92, derived from a simulation of an atmospheric general circulation model forced with observed sea surface temperature. It is found that the AGCM surface stress fields have considerable errors. However, the variations of the AGCM winds at 850 mb are more consistent with the observations. We have developed a simple regression method to reconstruct AGCM surface wind stress based on the zonal winds near 850 mb and the meridional stress at the surface. Through a series of numerical experiments using an ocean general circulation model, we have shown a significantly better simulation of sea surface temperature anomalies and equatorial wave propagation when the reconstructed dataset replaces the original AGCM stress. Our results suggest there are serious deficiencies in the modeling of the planetary boundary layer in the AGCM, especially in the eastern Pacific. The scheme described in this paper to reconstruct the AGCM wind stress can be used as a practical method to correct systematic wind stress errors in coupled FIG. 10 . Correlations between the observed SST monthly anomalies and the OGCM simulated ones forced by (a) the ECMWF wind stress, (b) the AGCM wind stress, and (c) reconstructed wind stress (U 850 Ϫ x ). Contour interval is 0.1 with regions of correlations greater than 0.5 shaded.
GCMs. In fact, Kirtman et al. (1997) have shown a dramatic improvement in the skill of ENSO predictions using an anomaly coupled AGCM-OGCM with reconstructed stress fields derived with a scheme similar to the one described here.
There have been several prior efforts in improving AGCM simulated surface stress field through empirical methods. These efforts generally follow the concept of model output statistics (MOS) originally proposed in operational weather forecasting (Glahn and Lowry 1972) to reduce the systematic errors of model output.
For example, Latif et al. (1990) have proposed a minimization scheme to the difference between the observed and AGCM simulated surface wind stress. They showed that the minimization can be done either at each model grid point or for the principal components of the leading empirical orthogonal modes. On the other hand, Ji and Leetmaa (1994) and Ji and Smith (1995) corrected the systematic errors of the AGCM stress by using the corresponding modes of the observed and AGCM simulated stress fields derived from a singular-value decomposition (SVD) analysis. The method we have used to derive the reconstruction coefficients is similar to the one proposed by Latif et al. (1990) . Moreover, through careful analysis, we have chosen the best simulated feature of the lower atmosphere, the zonal wind at 850 mb, for the MOS analysis, instead of using the poorly simulated surface zonal wind stress. We believe that this is important because some of the observed signals are better preserved in the model simulated 850-mb winds.
We recognize that the results do not immediately lead to the conclusion that a coupled GCM using this reconstructed stress will do better than a model coupled with the stress directly produced by the AGCM in long simulations. Simply forcing the ocean with the reconstructed stress in a coupled model will mean that the ocean sees a different stress to the one the atmosphere sees. This inconsistency may cause significant drift of the coupled model mean state in a long-term integration. Some further treatment may be needed to overcome this problem. However, Kirtman et al. (1997) have shown clearly and unambiguously that this procedure improves predictions on seasonal and interannual timescales using an anomaly coupled model.
The empirical correction of the AGCM surface wind stress described here can only be an interim procedure. It is important to understand the origin of these AGCM systematic errors, so that ultimately the treatment of the AGCM boundary layer can be improved such that empirical fixes are not required. Results of this paper, as well as Huang and Schneider (1995) , have shown that, in comparison with the ECMWF analyses, the ENSOrelated signals are too confined to the western part of the equatorial Pacific. Moreover, in the eastern Pacific unrealistic signals appear in the model wind stress, which interrupt eastward propagating oceanic ENSO signals generated by the wind anomalies in the western and central Pacific Ocean. Similar problems are noticed by Latif et al. (1990) for the ECMWF and by Ji and Smith (1995) for the NMC AGCMs.
It should be noted that surface winds in the Tropics are determined by many factors, such as condensational heating from deep convection (Gill 1980) and SST gradient (Lindzen and Nigam 1987) . Gutzler and Wood (1990) pointed out that in the western Pacific the condensational heating plays the major role, whereas the effects of the SST gradient are dominant in the east. At the present time, we suspect that the effects of the SST gradient are not well represented in the COLA AGCM since the errors are mainly in the eastern Pacific. It is also necessary to improve the parameterization of momentum mixing and heat diffusion to simulate the highly baroclinic boundary layer over the eastern part of the tropical Pacific Ocean.
Presently, some of these issues are being investigated at COLA: a comparison between the surface heat fluxes from the AGCM simulation and the COADS data are conducted. Our preliminary results show that, although there are qualitative similarities between the simulation and the observations in the mean and annual cycle, there are substantial quantitative differences. These differences in surface heat fluxes may be large enough to change the heat balance of the boundary layer significantly. More detailed analysis is in progress. On the other hand, a series of AGCM experiments are being conducted to study the sensitivity of the model simulated wind stress to different parameterizations of the moist convection and turbulent diffusions.
